A mutant of Bacillus subtilis synthesizes a variety of c-alicyclic fatty acids when fed with the respective alicyclic carboxylic acids. These fatty acids are: wcyclopropane, c-cyclobutane, co-cyclopentane, o.)-cyclohexane, and co-cyclohexene fatty acids. These unusual fatty acids did not lead to an inhibition of growth at 37°C and pH 7. The selective advantage of these fatty acids under extreme conditions was studied in comparison with the acidophilic, thermophilic bacterium B. acidocaldarius, which normally contains a high proportion of co-cyclohexane fatty acids.
37°C and pH 7. The selective advantage of these fatty acids under extreme conditions was studied in comparison with the acidophilic, thermophilic bacterium B. acidocaldarius, which normally contains a high proportion of co-cyclohexane fatty acids.
Two systems for the manipulation ofthe fatty acid pattern in membranes of bacteria are well known. These systems comprise fatty acid auxotrophs of Escherichia coli and acheloplasmas, some of which are naturally fatty acid dependent (11, 15) . We have exploited a third system, a mutant of Bacillus subtilis, auxotrophic for short branched-chain fatty acids (16) and alicyclic carboxylic acids. These carboxylic acids are incorporated into the distal part of the synthesized fatty acids.
Using this mutant of B. subtilis one can ask two questions. First, to what extent can the distal part of the fatty acids, and, thus, the inner part of the cytoplasmic membrane, be altered without inhibiting growth? The variation of the structure of the fatty acids presumably gives hints for their structural requirements in Bacillus species. Second, the bacterium B. acidocaldarius, which possesses a high percentage of co-cyclohexane fatty acids (2, 3) , grows optimally at high temperatures (50 to 70°C) and at low pH (2 to 5). Therefore, does the possession of w-cyclohexane fatty acids also for B. subtilis provide a selective advantage for growth under special conditions?
MATERIALS AND METHODS Strains. B. subtilis 168 Marburg strain was obtained from R. Schweyen and B. subtilis bfm 49 (met-trp-brafa-acet-) was obtained from K. Willecke. B. subtilis bfm 49 is a short branched-chain fatty acid-requiring (brafa-) mutant of strain 61141.
Presumably this mutant has a similar defect in the branched-chain a-keto acid dehydrogenase (see reaction 1 in Fig. 1) as the mutant B. subtilis 626 described by Willecke and Pardee (16) . Such a mutant can utilize short-chain fatty acids (see reaction 2 in Fig. 1 ) in a way described by Lennarz (10 Chemicals. Cycloheptanecarboxylic acid (99%) was purchased from EGA-Chemie, Steinheim, Germany, and cyclohexaneacetic acid (>98%) and 3-cyclohexenecarboxylic acid (97%) were obtained from Fluka AG, Buchs, Switzerland. Cyclopropanecarboxylic acid (98.9%), cyclobutanecarboxylic acid (98%), cyclohexanecarboxylic acid (98%), and all other chemicals were obtained from E. Merck, Darmstadt, Germany.
Cyclohexaneglyoxylic acid was prepared by catalytic hydrogenation of D-a-phenylaminoacetic acid and oxidation by 1)-amino acid oxidase. 3-Cyclohexeneglyoxylic acid was isolated as the antibiotic ketomycin from Streptomyces antibioticus (9) .
For identification of methylated fatty acids by gas chromatography, we used standard mixtures from Applied Science Laboratories Inc., State College, Pa. (branched-chain fatty acid methyl ester BC Mix-L and straight-chain fatty acids LA-206).
Fatty acid extraction procedure and analysis. Cells were washed 3 times with the salt solution. Fatty acids were extracted according to a procedure slightly modified from that of Kaneda (7). The fatty acid extracts were evaporated to dryness, and the residues were methylated with diazomethane (12) .
The methyl esters were determined by gas-liquid chromatography using The cyclic fatty acid methyl esters were identified by combined gas-liquid chromatography/mass spectrometry. For complete separation of the components, glass capillaries, prepared according to the general procedure described by Schomburg et al. (13) , were used. The stationary phases were SE 52 and SE 30. A Carlo-Erba 2101 model gas chromatograph was used.
The mass spectra were obtained on a LKB 2091 GC-MS instrument equipped with a two-stage jet molecule separator and a 25-m glass capillary.
The percentage of fatty acid methyl esters was determined by the weighing method (8) .
RESULTS
Growth experiments with alicyclic compounds. Various compounds were tested for their ability to support growth of B. subtilis bfm 49 ( Table 1 ). The following compounds supported growth: cyclopropanecarboxylic acid (which supported slow growth using 0.2 mM, but nornal growth using 0.6 mM), cyclobutanecarboxylic acid, cyclopentanecarboxylic acid, cyclohexanecarboxylic acid, and 3-cyclohexenecarboxylic acid. However, a number of the compounds tested were unable to support growth, these being 2-cyclopenteneacetic acid, cyclopentaneacetic acid, cyclohexaneacetic acid, cyclooctanecarboxylic acid, and 4-cyclooctenecarboxylic acid. Cycloheptanecarboxylic acid permitted very slow growth of the mutant, although combined gas chromatography and mass spectrometry dil not reveal the presence of o-cycloheptane fatty acids. To show that these latter compounds at the concentrations used did not inhibit growth, a wild-type strain was grown under the same conditions as the mutant. With one exception, there was no inhibition of growth of the wild-type strain (Table  1) . A control for growth inhibition by the cyclic Table 1 were used. However, after 7 h of incubation, incorporation into cyclic fatty acids could only be found with cyclopropanecarboxylic acid, cyclobutanecarboxylic acid, cyclopentanecarboxylic acid, cyclohexanecarboxylic acid, and 3-cyclohexenecarboxylic acid as precursors. The fatty acids synthesized from the respective precursors and the percentage of total fatty acid methyl esters found are listed in Table 2 .
To show that these cyclic fatty acids were in fact incorporated into lipids, B. subtilis bfm 49 was grown on cyclohexanecarboxylic acid and the lipids were extracted and separated by thinlayer chromatography. The most ninhydrinpositive spot, presumably phosphatidylethanolamine, was extracted and hydrolyzed, and the fatty acids were methylated and identified by gas chromatography. We could show that a high percentage of cyclohexane fatty acids had been incorporated into this lipid (26%). Identification of the cyclic fatty acids. The fatty acid composition was investigated by gasliquid chromatography and the cyclic components were identified by combined gas-liquid chromatography/mass spectrometry.
The mass spectra of w-cycloalkyl fatty acid methyl esters have been described by De Rosa and Gambacorta (6) for the cyclobutyl to cycloheptyl derivatives. Molecule ion intensities are found to decrease going from cyclohexyl to cyclopropyl derivatives according to the increasing ring tension. The cyclopropyl derivative does not show a molecular ion (Fig. 2) . In this case, M-OCH3 and M-CH30H are the only significant ions in the upper mass range. The relative intensity of both of these ions increases from cyclohexyl to cyclopropyl fatty acid esters. We do not observe the loss of the cyclic portion by a-cleavage as described by De Rosa and Gambacorta (6), which would result in frag- (2) first isolated B. acidocaldarius from acidic thermal environments. The same organism was isolated by De Rosa et al. (3) . This organism is a thermophilic and acidophilic Bacillus that grows optimally at temperatures between 50 and 700C and at pH 2 to 5. It is also unusual in that it possesses a high proportion of cocyclohexane fatty acids (C07 and C,9) (3) . In addition to these unusual fatty acids, typical Bacillus species fatty acids (iso-, anteiso-, and straight-chain fatty acids) were found.
To see if the same relationship held true for B. subtilis bfm 49, we varied the fatty acid composition of the membrane by feeding with various cyclic precursors or with isobutyric acid and studied the growth rates under conditions of altered temperature and/or altered medium pH ( (4) did similar incorporation experiments without measuring the effect on growth. In direct contrast to our results with B. subtilis, these authors found that cyclopropanecarboxylic and cyclobutanecarboxylic acid were not incorporated, whereas cyclopentaneacetic and cyclohexaneacetic acid were incorporated into cellular lipids (4) . Possible explanations for this difference are that the transport system, the activating enzyme, or the fatty acid-synthesizing system of B. acidocaldarius prefers bulkier precursors.
When the distal part of the fatty acids was considerably altered, growth was not inhibited. Thus, the iso-and anteiso-branching of the normal fatty acids in B. subtilis is not the only possible structure in the membrane lipids of the cells grown under normal growth conditions (370C, pH 7). From measurements of spin-label signals, one can deduce that the degree of order of the acyl chain in a double membrane decreases with the distance from the polar head group (14) . So it is perhaps understandable that bulky groups at the end ofthe acyl chain cannot disturb the order of a double membrane.
When temperature and pH were altered simultaneously two observations were made. First, cyclobutanecarboxylic acid was an unfavourable precursor at 300C and pH 7 (Table 3) . Second, the same precursor at 370C and pH 5 fulfilled the requirements for growth better than isobutyric acid. These (1) . Measurements of the phase-transition points of cyclohexane fatty acid-containing lipids obtained from B. subtilis and B. acidocaldarius are in progress to determine possible differences in membrane properties.
